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Introduction
Continental lithosphere inhibits heat loss from the Earth's interior, relative to oceanic lithosphere, due to its thickness and the warmth of the radioactively enriched crust (the thermal blanket effect). As a result, it has been suggested that insulation may cause the formation of reservoirs of heat accumulating beneath slow-moving continents [Jordan, 1975; Anderson, 1982; Pollack, 1986; Gurnis, 1988; Zhong and Gurnis, 1993; Anderson, 1994; Lowman and Jarvis, 1995, 1999; Lenardic et al., 2005; Phillips and Bunge, 2005; Coltice et al., 2007 Coltice et al., , 2009 Rolf et al., 2012] . However, the significance of continental insulation in such processes as the supercontinent cycle has remained unsettled for the past three decades. Despite this, a consensus on the mantle processes occurring in the supercontinent cycle appears to have been reached in recent 3-D studies [Zhong et al., 2007; Heron and Lowman, 2011; Yoshida, 2013] . Figure 1 summarizes the four parts comprising the cycle:
i.
ii.
iii.
iii. i. mantle temperatures and initiate supercontinent dispersal [Anderson, 1982] . Many numerical studies have shown that the combination of continental coverage and insulation can generate sub-supercontinental temperatures higher than suboceanic mantle material, suggesting that the thermal blanket effect acts as the main driver for supercontinent breakup [Gurnis, 1988; Zhong and Gurnis, 1993; Lowman and Jarvis, 1993, 1999; Yoshida et al., 1999; Phillips and Bunge, 2005; Coltice et al., 2009; Phillips et al., 2009; Phillips and Coltice, 2010; Yoshida, 2010; Rolf et al., 2012] .
Aside from the thermal blanket effect, isolation from subduction [Lowman and Jarvis, 1996; Lowman and Gable, 1999] , radiogenic heating at the core-mantle boundary by chemically distinct oceanic slabs [Maruyama et al., 2007; Senshu et al., 2009] , and circumsupercontinent subduction [Zhong et al., 2007; Trubitsyn et al., 2008; O'Neill et al., 2009; Zhang et al., 2010; Lowman, 2010, 2011] have all been suggested to account for a sub-supercontinent reversal in mantle flow. In a recent focus paper on the mechanics determining the formation and breakup of supercontinents, Murphy and Nance [2013] speculate that the reversal in continental plate motion (i.e., from continental accretion to continental dispersal) post supercontinent formation may be induced by a slab avalanche that triggers a rise of subcontinental superplumes from the core-mantle boundary. In a high-Rayleigh number numerical simulation (where viscous oceanic plates are absent), Yoshida and Santosh [2011] show the buildup of heat from the thermal blanket effect generating a return flow upwelling sub-supercontinent. However, recent numerical studies featuring thermally and mechanically distinct oceanic and continental plates fail to generate sub-supercontinental temperatures much greater than suboceanic temperatures over timescales relevant to supercontinent episodes Lowman, 2010, 2011; Yoshida, 2013] .
The major differences in the conclusions on the significance of continental insulation can be attributed, in part, to the modeling methods employed. For example, using a Cartesian geometry to model a spherical geometry system can distort mantle temperatures. A method to successfully reconcile mantle convection models with different geometries, however, has been demonstrated by O'Farrell and Lowman [2010] and is implemented in this study. An equally important modeling effect is the choice of the thermal boundary condition at the core-mantle boundary (e.g., modeling mantle convection driven purely by internal heating). An insulating core-mantle boundary condition fails to generate the deep active mantle plumes that are believed to have formed 50-100 Myr after supercontinent formation [Li et al., 2003] . In addition, the spatial resolution required to resolve boundary features at high Rayleigh number is computationally expensive. As a result, 3-D models with Earth-like convective vigor are not common. Moreover, modeling studies HERON AND LOWMAN ©2014. American Geophysical Union. All Rights Reserved.
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show that convection influenced by the presence of plates significantly differs from convection in which plate-like surface motion is absent [Bunge and Richards, 1996; Zhong et al., 2000; Monnereau and Quéré, 2001] . The omission of stiff oceanic plates means that the influence of supercontinent size and insulation cannot be accurately assessed. Not all studies of the effect of supercontinents on mantle convection include oceanic plates.
In this paper, we examine the significance of continental insulation in calculations featuring different heating parameters in both 2-D and 3-D Cartesian geometry numerical simulations. In a system incorporating distinct continental and oceanic plates, the response of the mantle to the formation of a large continental plate above subducted cold oceanic lithosphere is explored in mantle convection models with different vigor. Supercontinent formation simulations featuring an insulating core-mantle boundary are used to help isolate the role of continental insulation in subcontinental mantle warming (through the omission of active mantle upwellings). In addition, the study examines the assumption that continental insulation is only important once a large stationary supercontinent has been formed and not when continental material is dispersed. Specifically, the overall mantle temperature in models featuring insulating dispersed continents is analyzed (following on from the study by Lenardic et al. [2011] ). The study presented here makes a quantitative comparison between high-and low-Rayleigh number mantle convection models with a focus on the effect of continental insulation when convective vigor is a variable. The results from this systematic study illustrate the major differences in mantle convection models with regard to the effect of continental insulation when different mantle-heating modes are considered.
Method

Governing Equations and Viscosity Structure
Mantle convection is modeled using the hybrid finite difference spectral method code MC3D [Gable et al., 1991] to solve the dimensionless equations of mass, momentum, and energy conservation for an infinite Prandtl number Boussinesq fluid in a Cartesian geometry. The model assumes uniformly distributed internal heat sources (when specified). The nondimensional mass, momentum, and energy conservation equations are
and
respectively. The nondimensional quantities above are ⃗ u, the velocity; , the dynamic viscosity (which is geotherm-and pressure-dependent); P, the nonhydrostatic pressure; T, temperature; and t, time. The height above the base of the mantle is z. Ra b is the Bénard Rayleigh number [Chandrasekhar, 1961] and is given by
where g is the gravitational acceleration (which is antiparallel toẑ); is the density; is the thermal expansivity; ΔT is the superadiabatic temperature difference between the top and bottom boundaries; d is the depth of the convecting layer and is the thermal diffusivity. The nondimensional internal heating rate, H, is Ra H /Ra B , where
is the internal heating Rayleigh number; is the rate of internal heat generation per unit mass; and k is the thermal conductivity. The system is completed by a linearized equation of state:
where o is the reference density obtained when T=T o , the surface temperature.
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The nondimensional mantle viscosity, ′ , is calculated through the product of the geotherm-and pressure-dependent viscosities ( ′ =̄T × P ). Models have a time-dependent viscosity resulting from the use of the horizontally averaged nondimensional mantle temperature (geotherm),T(z), in the calculation of
where Δ T is the nondimensional viscosity contrast owing to temperature (set at 10 5 for this study). The nondimensional pressure-dependent viscosity ( P (z)) is characterized by a factor of 100 increase from the surface to core-mantle boundary (with a factor of 40 increase between 600 km and 700 km depth and a factor of 50 increase from 700 km to the core-mantle boundary). The viscosity implemented here has no lateral dependence and is therefore not fully temperature dependent. However, our methodology captures fluctuations in thermal boundary layer thickness and accompanying changes in the depths over which a given viscosity contrast occurs.
Through applying geotherm-and pressure-dependent viscosity, we obtain a time-dependent lithospheric thickness that allows our plate modeling method to display a transition from mobile to stagnant-lid convection when internal heating is increased [e.g., Stein et al., 2004 Stein et al., , 2013 . The spectrum of different plate tectonic regimes obtained with our model compares well with results from models featuring pressure, temperature, and stress-dependent rheologies [e.g., Moresi and Solomatov, 1995; Stein et al., 2004; O'Neill and Lenardic, 2007; van Heck and Tackley, 2008; Foley and Becker, 2009; Korenaga, 2010; Lowman, 2011; Stein et al., 2013] .
Plate Velocities, Plate Thickness, and Mantle Temperatures
All calculations feature plate-like surface velocities obtained by prescribing dynamically determined, time-dependent, horizontal velocity boundary conditions. Plate velocities are continuously updated using a force balance method [Gable et al., 1991; King et al., 1992; Brandenburg and van Keken, 2007] which requires that the total of the integrated shear tractions at the base of each plate is zero. Global plate velocity and stress fields that neither add nor subtract energy from the system are obtained by balancing the buoyancy and viscous resistance forces acting on the plates due to their motion. This method of calculating plate velocities is consistent with a strong rigid plate uniformly distributing applied stresses and has been shown to yield plate velocities and heat flux values in agreement with modeling methods that utilize rheologically defined plates [e.g., King et al., 1992; Koglin et al., 2005; Stein et al., 2013] . The plate boundaries do not evolve.
We model a lithosphere-asthenosphere transition as a mechanical boundary delineated by temperature, above which the mantle is sufficiently cool to behave in a more stiff manner and below which the material deforms more readily. The plate thickness is determined by the depth at which the geotherm (laterally averaged temperature) exceeds a given lithospheric cutoff temperature, T L (with the average plate viscosity being ∼2 orders of magnitude greater than the viscosity of the upper mantle). At this time-dependent depth, T L , the force balance calculation is applied. As a result, the oceanic and continental plates have a spatially uniform but time-dependent thickness (continental plates are given distinct thermal and mechanical properties that generate mantle insulation).
Recently, for plane-layer convection models with an Earth-like Rayleigh number, O'Farrell and Lowman [2010] showed that either no internal heating or a degree of mantle cooling is necessary to attain the spherical shell-type geotherms that occur with terrestrial concentrations of internal heating. Accordingly, for models with an isothermal core-mantle boundary, we do not specify any internal heating. Our purely internally heated models, with an insulating core-mantle boundary, use H values that generate interior temperatures and plate mobility similar to their bottom-heated counterparts (see Tables 1 and 2 ). The choice of a nondimensional universal lithospheric cutoff temperature is important due to its effect on plate mobility (and therefore mantle temperatures). A nondimensional T L value of 0.35 is applied in all models to ensure the volume-average mantle temperatures are not geophysically unrealistic and that the plates move within a mobility range (defined by the ratio of surface to interior root-mean-square velocity (v rms ) values) that is in-keeping with mobile lid behavior [Kanamori and Brodsky, 2004] . This approach ensures a similar contrast between the plate and upper mantle viscosity in all models.
Comparing the Vigor of Mantle Convection
Complex rheologies or viscosity laws in numerical models can make it difficult to gauge the vigor of convection. A reference Rayleigh number, Ra 0 , (calculated by using a reference viscosity value, 0 , at a certain depth HERON AND LOWMAN ©2014. American Geophysical Union. All Rights Reserved. a is the nondimensional plate thickness; v rms is the average magnitude of the mantle velocity; q surf is the nondimensional average surface heat flux; < T > is the nondimensional volume-average temperature; and M refers to the mobility of the surface and is given as the ratio of the plate velocity and v rms of the mantle. Ra avg is the average Rayleigh number, while the reference Rayleigh number (Ra 0 ) is calculated at the surface of the model (where T = 0 and ′ = 1). All 2-D models have an aspect ratio of 8 and a grid resolution of 2500 × 200. and temperature) does not necessarily give a real indication of how vigorously a model is convecting (unless average temperatures, viscosities, heat fluxes, or thermal boundary layer thicknesses are also stated). Simulations featuring purely internally heated models are even more difficult to classify than those with purely basal or mixed-mode heating because nondimensional temperatures may not reach the temperature at which the reference viscosity is defined (e.g., a nondimensional temperature value of 1.0). In a study comparing results obtained from high and low Rayleigh numbers, it is important, therefore, to clearly define the vigor of mantle convection. We use the thermal boundary layer thickness as a gauge of Rayleigh number magnitude. Figure 2 shows plate thicknesses plotted against Ra avg for eight statistically steady 2-D models with no internal heating and with an isothermal base, each featuring a pair of equal size plates. We define the average Rayleigh number (Ra avg ) as
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where ′ (z) −1 is the average of the inverse of the viscosity and Ra 0 is the Rayleigh number at the surface, where T is 0 ( ′ = 1). Finding a line of best fit through the data for nondimensional plate thickness ( ) and Ra avg yields
From the relation above, plate thicknesses in purely internally heated models can be used to describe the vigor of convection and estimate the effective average Rayleigh number. Accordingly, the insulating core-mantle boundary models can be compared to isothermal core-mantle boundary models without the use of internal heating Rayleigh numbers. In all models in this study, T L , Δ T , and P (z) are kept constant. For isothermal core-mantle boundary simulations, the desired vigor of convection is obtained by increasing Ra 0 . In the insulating core-mantle boundary cases, the internal heating rate and Ra 0 are both changed in order to obtain a range of mantle temperatures and plate mobility values that are comparable to those in our isothermal core-mantle boundary models. The average Rayleigh number values for the insulating core-mantle boundary models are calculated a posteriori based on the plate thickness resulting from the specified values of H and Ra 0 (Figure 2 ).
For the two-dimensional model study, four supercontinent formation simulations are examined for each core-mantle boundary condition; the model parameters are given in Tables 1 and 2 . The plate thickness, surface heat flux, and v rms of the models indicate a range of low to high Rayleigh numbers. The convective vigor of the models is also indicated in Figure 3 , which shows the horizontally averaged temperatures (geotherms) of the models. The thickness of the plates (the depth at which the geotherm reaches the T L value of 0.35) can be seen to increase with decreasing convective vigor.
The Insulation Parameter
Continental insulation is prescribed by limiting the ability of the continental plate to conduct heat delivered from below by the mantle. The thermal diffusivity of the continental region, c , is reduced in comparison to the oceanic lithosphere, allowing for the oceanic plates to have the thermal conductivity of the mantle and for the continental plate to be a relatively greater insulator. It should be noted that distinct oceanic and continental plate thicknesses [e.g., Rolf et al., 2012] are not modeled. However, by prescribing an insulating diffusivity in the high-viscosity continental material, it is possible to mimic the thermal blanketing effect of thick continental lithosphere. The influence of four continental insulation values (i) are presented; one end-member case of a perfectly insulating supercontinent and three cases where the ratio of the thermal diffusivity in the continental material to that of the oceans is 1 ∕ 4 , 1 ∕ 2 , and 3 ∕ 4 . To isolate the effect of a thermal blanket, the models are purely internally heated and feature an insulating core-mantle boundary (so that stirring by plume formation does not affect subcontinental temperatures). Supercontinent formation is accompanied by the formation of extensive circumcontinental subduction zones, leading to pools of cold material beneath the newly formed supercontinent (see Figure 1 ). Cessation of subduction at the continental suture and the warming of the cold material means that subsupercontinent temperatures will increase regardless of any continental insulation that has been applied (i.e., a background warming occurs due to the mechanics of forming even a noninsulating super-plate with oceanic thickness and thermal properties). To take this into account, Figure 4 shows the percentage temperature increase under the supercontinent solely due to continental insulation. This is achieved by subtracting the mean subcontinental temperature found in a model with a noninsulating continental plate (T nonins ) from the mean subcontinental temperature in the case with an insulating continent (T ins ). The temperatures are evaluated 500 Myr after supercontinent formation (well in excess of the proposed maximum timescale for a supercontinent cycle [Scotese, 2001; Yoshida and Santosh, 2011] ):
All specified parameters in the noninsulating models analyzed with equation (10) are identical to those in the insulating models (except for the continental insulation parameter). This isolates the true effect of continental insulation.
From Figure 4 it can be seen that increasing the continental insulation increases the temperature under the supercontinent. Moreover, for all continental insulation parameters, i, an increase in continental coverage generates an increase in subsupercontinent temperature, as shown in previous studies [Phillips and Coltice, 2010; Heron and Lowman, 2011; Rolf et al., 2012] . Figure 4 demonstrates the ability of our model continents to generate a thermal blanket effect as produced by thick continent material (albeit with uniform plate thickness for all plates). For instance, 500 Myr after forming, a supercontinent that is a perfect insulator covering 50% of the surface will generate a 16% increase in subcontinental temperature relative to the initial condition temperature (58% of this total can be contributed to thermal insulation and 42% to the cessation of subduction at the continental suture and the warming of the cold material). Applying equation (10) A continental diffusivity value of 1 ∕ 4 of the oceanic value is chosen for the remainder of the study (the temperature increase shown in Figure 4 for this parameter is comparable to that observed in other recent studies of supercontinents in mantle convection models [Yoshida, 2013] ). The effective thickness of the continental lithosphere for this continental diffusivity value can be interpreted by considering the thermal diffusion timescale
which characterizes the time taken ( p ) for a temperature change to diffuse a distance L (the continental lithosphere thickness). By setting c = 0.25 , the continent effectively insulates as if its thickness were doubled.
Two-Dimensional Supercontinent Results
The effect of Rayleigh number on continental insulation is investigated here through the study of temperature changes post supercontinent formation. Timescales are converted by scaling 60 Myr to one mantle transit time, (calculated by using the mantle v rms and the time required to travel the depth of the mantle).
Initial Condition
The initial conditions for all 2-D models are formed through modeling a dynamic two-plate system. Snapshots of the evolution of these models are shown so that the convergent plate boundary appears on the vertical midplanes of the depicted temperature fields (0 Myr panels in Figure 5 ). Once the two-plate system reaches a statistically steady state (i.e., no long-term heating or cooling trends are evident in the solution), the plate geometry is modified. We model a continental plate (with a prescribed velocity of zero) centered over the initial downwelling and two oceanic plates on either side. The emplacement of the continental plate simulates the collision of two smaller continental plates at the site of the mantle downwelling.
To explore the influence of the initial thermal field we examine two sets of 2-D calculations. In one case, insulation by dispersed continents is not considered and continental insulation is not specified until supercontinent formation occurs. (The initial thermal field is obtained by integrating the thermal field in time with the assumption that continental lithosphere is absent.) In an alternate set of experiments (section 3.5), we simulate insulation of the mantle by dispersed continents prior to the assembly of the supercontinent. The mean temperatures of the initial conditions therefore differ, the latter case features warmer initial conditions overall. All 2-D model data given in Tables 1 and 2 correspond to the time of the respective initial conditions.
Isothermal Core-Mantle Boundary
Figures 5a and 5b depict temperature snapshots for low-and high-Rayleigh number models every 50 Myr starting from the initial condition until 250 Myr after continental aggregation. The temperature field at 500 Myr post supercontinent formation is also shown to illustrate the effect of the prolonged emplacement of a thermal blanket effect on the subcontinental mantle. The differences in the convection in the models are apparent; much thinner thermal upwellings and downwellings exist for a high R a vigorously convecting mantle. However, there are similarities in the mechanisms involved in the thermal evolution of the mantle post supercontinent formation. A subcontinental plume arrives between 100 and 150 Myr (1.5-2.5 transit times) after supercontinent formation in both models (a timescale consistent with the results of Yoshida [2013] ). A subcontinental plume is then present for the duration of the calculation (reduced continental heat flow is present in both models due to the prescribed thermal blanket effect (Figure 6) ).
Figure 5c depicts suboceanic and subcontinental temperatures in the upper mantle at the time of the formation of the supercontinent and 250 Myr later. The low-Rayleigh number case shows significant warming of the upper mantle beneath the oceanic and particularly the continental plates. However, despite the formation of a subcontinental plume and the trapping of heat due to continental insulation, the subcontinental upper mantle temperatures remain lower than those below much of the oceans in the low-Rayleigh number cases at the time considered. In the higher R a case, the suboceanic and subcontinental temperatures are similar for both the initial condition and after 250 Myr. show the thermal fields of cmb1 and cmb4, respectively, corresponding to the times in Figure 6a .
temperature from the surface to the base of the mantle beneath the oceanic and continental regions). Over supercontinental timescales, only the lowest-Rayleigh number model exhibits continental temperatures warmer than oceanic material. Results from the four models are plotted on the same scale in Figure 8 , showing the difference in temperature changes; for high Rayleigh numbers, the continental and oceanic initial condition temperatures are much closer than for the lower-Rayleigh number models. For the model with the most Earth-like convective vigor, cmb4, the continental and oceanic temperatures are almost equal over supercontinent timescales.
Our analysis shows that supercontinent formation in low-Rayleigh number models warms the mantle in a fundamentally different way than in higher-Rayleigh number cases. In low-Rayleigh number models, the buildup of heat due to thermal insulation and the appearance of large plume heads beneath a supercontinent generates a horizontal upper mantle flow strong enough to deflect downwellings (a feature not seen in higher-Rayleigh number simulations). Figure 8a analyzes the temperatures and basal and surface heat flux time series for high-and low-Rayleigh number models on supercontinent timescales (<250 Myr). In Figure 8a , continental surface heat flux can be seen to be low (and approximately constant) in both models (in keeping with Figure 6 ). Heat arriving from the base of the model from the suboceanic regions is also approximately constant for high and low Rayleigh numbers. At low Rayleigh number, basal heat flux under the continent decreases during the first 100 Myr of supercontinent formation due to the termination of subduction at the continental suture and cessation of the delivery of cold material to the core-mantle boundary below. Approximately 100 Myr after supercontinent formation, the repositioning of subduction on the edge of the supercontinent has generated cold downwellings that reach the base of the model (Figure 5a ). The pinching of the thermal boundary layer as the large, cold downwellings arrive at the core-mantle boundary raises the basal heat flux between 100 and 150 Myr, and a subcontinent plume is formed. In the subsequent 100 Myr, the basal subcontinental heat flux in the low-Rayleigh number model decreases but remains higher than the flux at the time of supercontinent formation. Between 0 and 100 Myr, Figure 8a shows that the heating mechanism in the high-Rayleigh number case is similar to that in the low-Rayleigh number case; the heat flux reduces due to the closure of the initial subduction zone. However, the arrival at the base of the mantle of smaller and thinner cold downwellings from the repositioned subduction zones fails to dramatically increase the basal heat flux in the manner seen in the low-Rayleigh number case. In the HERON AND LOWMAN ©2014. American Geophysical Union. All Rights Reserved. Table 1. high-Rayleigh number model, the plume formation stage (between 100 and 150 Myr) halts the decrease in basal continental heat flux (but does not increase heat flux as in cmb1). This is largely due to a smaller volume of cold material impacting the subcontinental thermal boundary layer. After the formation of the subsupercontinental plumes, the basal heat flux beneath the continent decreases (> 150 Myr). Figure 8b ). The formation of the subcontinental plume generates a warming beneath the supercontinent after 100 Myr. However, the behavior in the high-Rayleigh number model is different; the temperature gradient beneath the supercontinent is more variable throughout. The rate of subcontinental mantle warming increases from 50 to 150 Myr; however, the rate of warming reduces once a large plume is fully formed. The horizontal heat flow for the high-Rayleigh number case shows heat drawn in from the suboceanic mantle during the plume formation stage, a feature not seen in low-Rayleigh number models. Figure 8d identifies this by plotting the ratio of the horizontal and vertical heat flow (brown and magenta lines, respectively) subsupercontinent. The low-Rayleigh number case shows heat leaving the continental region for the entire period examined, while the more vigorously convecting model cmb4 includes periods where heat from the suboceanic regions contributes to warming the subcontinental mantle. The multiplicity and "pulsing" nature of the plumes in the high-Rayleigh number models is shown in Figure 8c by the high-frequency fluctuations in the temperature gradient and horizontal heat flux subcontinent. In contrast to low-Rayleigh number models, the decrease in lateral extent of the circumsupercontinent downwellings draws relatively modest amounts of heat into the subcontinental mantle (Figure 8c ). In the low-Rayleigh number model, no "pulsing" plume features are found (Figure 5a , 8a, or 8b), but a large plume head dominates the volume of the subsupercontinent mantle and therefore the average temperature calculation. In all models, the mechanism that instigates the formation of the plumes (and therefore a return flow subsupercontinent) is the repositioning of subduction zones, rather than continental insulation (which has not had enough time to generate high temperatures).
Insulating Core-Mantle Boundary
Figures 9a and 9b depicts temperature snapshots for low-(ins1) and high-(ins4) Rayleigh number models with an insulating core-mantle boundary. The absence of active plumes below the supercontinent allows for analysis of the thermal blanket effect in isolation. Heat does build up beneath the supercontinent in both models; however, the lower-Rayleigh number model (ins1) shows the strong horizontal upper mantle flow seen in cmb1 (Figure 5a ). Figure 9c shows the temperatures in the upper mantle in both models. The lower-Rayleigh number model case shows a substantial temperature increase beneath the supercontinent and an increase below the oceans. For the higher-Rayleigh number case, there is mild warming under the continent and a slight decrease in temperature under the oceanic plates after 250 Myr. As in Figure 5c , Figure 9c illustrates that models with higher mantle convection vigor have almost the same suboceanic and subcontinental temperatures. Figure 10 shows the suboceanic, subcontinental, and average mantle temperatures for the four insulating core-mantle boundary models. As is the case with the isothermal core-mantle boundary models in mantle beneath the continental plates is comparable to suboceanic temperatures on supercontinent cycle timescales.
The increased temperatures in the low-Rayleigh number models are explained by the rate at which the mantle is heated. Given the insulating basal boundary condition, the heat input is entirely determined by the nondimensional internal heating rate (H). The total heat input per unit volume per transit time for each case is
where H is unique to the model and is the nondimensional time required to travel the depth of the mantle. We find that the total heat input ( ) per transit time decreases as the vigor of convection increases, despite the internal heating rate increasing with Rayleigh number (Figure 11 ). In the insulating core-mantle boundary cases, the internal heating rate and Ra 0 are changed in order to obtain mantle temperatures and plate mobility values that are comparable to the isothermal core-mantle boundary models. Nevertheless, we find the amount of heat being generated per transit time by internal heating to be 5 times greater in the low-Rayleigh number model (ins1) in comparison to the high-Rayleigh number case (ins4) (Figure 11 ). The effect of continental insulation at low Rayleigh numbers is therefore amplified by the excess heat generated per transit time in comparison to high-Rayleigh number models.
Two-Dimensional Temperature Increase Due to Insulation
It is difficult to interpret how continental insulation and Rayleigh number interact in the supercontinent cycle by only looking at the temperature increase beneath the supercontinent. For the suite of 2-D models, Figure 12 shows the temperature increase solely due to continental insulation as a function of average Rayleigh number (using equation (10) trend is that increasing the Rayleigh number of a model decreases the effect of continental insulation on subsupercontinent temperatures.
Average Mantle Temperatures and Continental Insulation
The prevalent view in supercontinent modeling literature is that continental insulation drives up the temperature of the subcontinental mantle following continental aggregation. The assumption is that continental insulation has its greatest impact once a large, stationary supercontinent has been formed, and not when continents are dispersed [e.g., Cooper et al., 2004 Cooper et al., , 2006 Lee et al., 2005; Lenardic et al., 2005] . Forming a supercontinent, therefore, generates a warming of the overall mantle temperature by changing the efficiency of continental insulation. Figures 7 and 10 show the volume-average temperature of the mantle steadily increasing for all supercontinent simulations (with low-Rayleigh number models showing a greater increase in temperature than high-Rayleigh number models). However, a recent study by Lenardic et al. [2011] argues that the mantle has an overall temperature that is steady regardless of the configuration of the oceanic and continental plates. Lenardic et al. [2011] propose that continental plates insulate throughout the thermal evolution of the mantle, but it is only during supercontinent episodes that a dichotomy between suboceanic and subcontinental mantle temperature can form.
The theory states that when continents are dispersed the effect of the continental insulation is global (as the mantle is thermally well mixed). Once a supercontinent is formed, however, circumcontinent subduction inhibits lateral mixing in the mantle, and the effect of continental insulation is manifested locally. As a result, subcontinental mantle temperatures would increase (and suboceanic mantle temperatures would decrease), but the volume-average temperature would stay the same. To demonstrate their theory, Lenardic et al. [2011] manually prescribe a "subduction curtain" to partially isolate the subcontinental mantle and inhibit thermal mixing post supercontinent formation.
The thermal mixing theory of Lenardic et al. [2011] is addressed in this section by modeling continental insulation in our calculations prior to the formation of a supercontinent. A study of the thermal evolution of the mantle post supercontinent formation is conducted with an initial condition that has an elevated, but steady, mantle temperature. The ins2, cmb2, ins4, and cmb4 models were used in order to analyze the effect of insulation prior to supercontinent formation on suboceanic and subsupercontinental mantle temperatures. Figure 13 shows the suboceanic, subcontinental, and average mantle temperatures for the models featuring well-mixed initial conditions with temperatures determined by a history of continental insulation (in accord with the study by Lenardic et al. [2011] ). For all models, the average mantle temperature does not appear to change significantly, while the isolated subcontinental material warms as the suboceanic material cools. However, over supercontinent assembly timescales, subcontinental material does not become warmer than the suboceanic mantle. Figure 14 shows the change in overall mantle temperature as a percentage of the initial condition temperature for both the initially elevated mantle temperature models (denoted with the suffix cont) and the nonelevated initial mantle temperature models. Lenardic et al. [2011] allow temperature deviations of 2-3% from the average mantle potential temperature in cases where the system is considered steady. Adopting this allowance, the simulations that include elevated mantle temperatures can be considered thermally steady (for both high-and low-Rayleigh number models, with either insulating or isothermal basal boundaries), in agreement with the findings of Lenardic et al. [2011] . In contrast, the models that do not take Table 2. into account continental insulation prior to supercontinent formation show a mantle temperature increase (that is much greater for lower-Rayleigh number cases).
Three-Dimensional Supercontinent Models
Given the findings of the 2-D study, we now consider a small number of 3-D calculations (focusing on the end-member models featuring low-Rayleigh number convection with an insulating core-mantle boundary and high-Rayleigh number convection with an isothermal core-mantle boundary). A 6 × 6 × 1 solution domain is modeled, corresponding to a lateral extent equal to the surface area of the Earth's midmantle. The grid resolution is 600 × 600 × 128 for high-Rayleigh number models. Sidewalls in the 3-D models are periodic and plate velocities are dynamically calculated (plate boundaries do not evolve).
Three-Dimensional Setup
The initial condition for the supercontinent formation modeling in 3-D follows similar criteria to the 2-D study, insofar as a subduction zone brings continental material together above a thermally equilibrated system. An initial condition is obtained by projecting a 2-D solution into the third dimension, and then specifying a plate geometry featuring nine plates (Figure 15a) . The heating mode, Rayleigh number, and parameters governing the viscous properties of the model are unchanged. The 3-D model is integrated forward in time for several mantle overturns until the system reaches a statistically steady state with the new plate geometry (Figure 15a ). Eventually, a suitable flow pattern mimicking the formation of Pangea (with Y-shaped subduction occurring at the site of convergence of three large plates (see Figure 15a) ) is formed as the model naturally evolves. The model supercontinent is assembled through suturing the three plates that converge at the Y-shaped model subduction zone, forming a single continent of comparable relative area to Pangea (covering ∼ 30% of the system surface). At the time of continental aggregation, a new oceanic plate is also created from the remaining portion of the three plates joined to form the supercontinent (plate 7, Figure 15b ). The supercontinent is prescribed a velocity of zero and given an insulation parameter (i) of 1 ∕ 4 (as used in the 2-D study). The two thermal boundary condition cases for the 3-D study, ins1 and cmb4, have the same parameter properties as given in Tables 1 and 2 of 3-D models focuses only on cases where continental insulation (resulting through specification of a low continental diffusivity) is not enacted until supercontinent formation occurs. Figure 16 shows snapshots of temperature isosurfaces from 3-D calculations of ins1 and a horizontal temperature slice of the thermal field in the upper mantle (660 km) for the initial condition, 125 Myr and 250 Myr after supercontinent formation. The initial "Y-shaped" subduction pattern is no longer present after 125 Myr, but the isosurfaces show the formation of circumsupercontinent subduction. In keeping with the 2-D results for the low-Rayleigh number models, temperature builds up due to continental insulation and generates a strong horizontal upper mantle flow that entrains passive upwelling flow below the supercontinent. After 250 Myr, subcontinental heat has pushed the circumsupercontinent downwellings away from the continental margins. The horizontal temperature slice for ins1 (Figure 16 ) shows significant heating in the upper mantle. Figure 17a shows the time series of the continental and oceanic temperatures for ins1. Subcontinental temperatures exceed suboceanic temperatures after 150 Myr due to continental insulation generating a build up of heat beneath the supercontinent, as shown in the 2-D models with low Rayleigh number. The 3-D high-Rayleigh number mantle convection model (cmb4) shows more complex features than the low-Rayleigh number and 2-D simulations. Figure 18 shows the dissipation of the Y-shaped downwelling and the positioning of subduction on the margins of the supercontinent (shown clearly by the dark blue features in the horizontal temperature slices of 60 Myr and 200 Myr). The relocation of the subduction pattern, and the associated cold material on the core-mantle boundary acts to organize thermal instabilities and produce plumes that penetrate the subcontinental upper mantle within 50-100 Myr of supercontinent formation (in keeping with geological estimations of plume formation beneath the supercontinent Pangea [Li et al., 2003; Maruyama et al., 2007] ). Any remnants of the large-scale subduction that amassed the continents has dissipated from beneath the supercontinent after 200 Myr. At this time, a full subcontinental mantle flow reversal can be said to have taken place and several mantle plumes have appeared in the upper 
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Time ( mantle. Furthermore, the large-scale net horizontal upper mantle flow seen in the low-Rayleigh number cases is absent for the high-Rayleigh number model. The time series of the cmb4 temperatures in Figure 17b shows a small temperature increase below the supercontinent, despite the formation of several plumes and the prescribed thermal blanket effect (and is thus consistent with the 2-D high-Rayleigh number results). On supercontinent timescales, the subcontinental temperatures do not exceed those below the oceanic plates.
Discussion
Some consensus has been reached among geodynamicists over the mechanisms involved in the supercontinent cycle. However, the role of continental insulation in this cycle remains unsettled. Results from 2-D and 3-D modeling presented here support the conclusion that continental insulation is not significant when a supercontinent is formed. In agreement with previous geodynamic modeling studies featuring insulating continents, we find that following supercontinent formation heat builds up under a stationary supercontinent. However, our study shows that when heat is trapped subcontinentally, it is not to an extent that would cause the subcontinental mantle to be substantially warmer than suboceanic mantle temperatures, in agreement with the findings of Lowman [2010, 2011] and Yoshida [2013] . Moreover, the change in subcontinental temperature is strongly dependent on Rayleigh number. In models featuring heating from an isothermal base, we find that the subcontinental warming occurs because circumsupercontinent subduction (and the remnants of the oceanic material subducted during the formation of the supercontinent) organizes thermal anomalies on the core-mantle boundary to produce upwellings [Lowman and Jarvis, 1999; Zhong et al., 2007] . These upwellings may subsequently act as drivers for supercontinent dispersal [Gurnis, 1988; Zhong and Gurnis, 1993; Trubitsyn and Rykov, 1995] .
A recent study by Lenardic et al. [2011] presented the hypothesis that subcontinental and suboceanic potential temperatures exist, and that supercontinental episodes coincide with inhibited thermal mixing between the two mantle regions. Lenardic et al. [2011] describe the mantle as having an average temperature that remains steady, with continental insulation playing an active role in the thermal evolution of the mantle regardless of whether the continents are in motion or assembled as a stationary supercontinent. The Lenardic et al. [2011] study examined the prevalent notion that continental insulation is quiescent until plate motion ceases and continental material aggregates. In a series of 2-D models presented here, this thermal mixing theory was addressed by modeling insulating continents prior to the formation of a supercontinent. The calculations described in section 3.5 reproduce some of the findings of Lenardic et al. [2011] , indicating that if continental insulation has a strong effect prior to supercontinent formation, then the oceanic and HERON AND LOWMAN ©2014. American Geophysical Union. All Rights Reserved. 729 continental mantle would cool and warm (respectively) after continental aggregation (with the overall mantle temperature staying the same). However, we find that subcontinental temperatures still do not exceed suboceanic temperatures on the timescale of a supercontinent episode, despite taking into consideration an increased background temperature due to continental insulation. Future work should include the role of the thermal blanket effect while continents are in motion [e.g., Rolf et al., 2012] .
Previous studies have also looked at the role of heating mode in mantle convection models [e.g., Lowman and Jarvis, 1999; Bunge, 2005, 2007] . The use of an insulating core-mantle boundary condition, and therefore no core heat flux, was found to generate a periodic supercontinent cycle in a spherical study featuring mobile continents [Phillips and Bunge, 2007] . However, adding core heating to the thermal budget generates strong mantle plumes that disrupt the periodicity of supercontinent formation [Phillips and Bunge, 2007] . In our study, we show that plumes may play an important role in the supercontinent cycle but heating mode does not affect the importance of continental insulation. It is the mantle Rayleigh number that determines the strength of the thermal blanket effect for models featuring either an isothermal or insulating core-mantle boundary (Figure 12) . Even in the extreme case of a perfect insulator supercontinent covering 50% of the surface at high Rayleigh number (Figure 4) , the subcontinental mantle is only modestly warmed due to the thermal blanket effect during a period of supercontinent formation.
The 2-D and 3-D studies both show a fundamentally different thermal evolution for low-and high-Rayleigh number mantle convection models. Our low-Rayleigh number models are consistent with the findings of several recent studies [e.g., Yoshida and Santosh, 2011; Rolf et al., 2012] , which found that the thermal blanket effect warms the subsupercontinent mantle to produce a large-scale horizontal upper mantle flow. Rolf et al. [2012] present sophisticated 3-D spherical numerical simulations with oceanic plates generated by a temperature-and stress-dependent viscosity alongside compositionally and rheologically distinct mobile continents. The study showed strong time dependence in suboceanic temperatures (indicating the importance of modeling oceanic plates), and that continental insulation played a major role in heating up underlying mantle during supercontinent assembly. However, our findings indicate that the thermal blanket effect seen in low-Rayleigh number studies is amplified.
In a model featuring high-Rayleigh number mantle convection but no oceanic plates, Yoshida and Santosh [2011] found that as warming subsupercontinent occurs, the thick warm upper mantle region produces a large-scale flow that deflects mantle downwellings from the margins of the supercontinent, before penetrating down to the lower mantle. At the base of the mantle, the downwellings gather thermal instabilities to produce a return flow upwelling beneath the supercontinent. The strong horizontal upper mantle flow is also captured in the low Rayleigh number 2-D and 3-D results presented here (for both core-mantle boundary conditions), in accord with the supercontinent cycle mechanism described by Yoshida and Santosh [2011] . However, the continental insulation driven flow [e.g., Yoshida and Santosh, 2011; Rolf et al., 2012] is absent in convection models approaching Earth-like Rayleigh number with thermally and mechanically distinct oceanic and continental plates. Section 3.2 analyzes the differences in the heat flow of low and high-Rayleigh number models with isothermal core-mantle boundary. During the plume generation period (between 100 and 150 Myr), we find that the broad downwellings of low Rayleigh simulations pinch the thermal boundary layer along much of the base of the mantle (Figure 5a ) to generate an increase in subsupercontinent basal heat flux (Figure 8a ). Despite subcontinental heat being transported into the oceanic regions (Figure 8d ), a sharp increase in subcontinental mantle temperature is exhibited, delivering more heat to the upper mantle to be trapped by the thermal blanket effect. At high Rayleigh number, the thinner downwellings do not generate a great intake in subsupercontinent basal heat flux relative to the volume of the subcontinental mantle (Figure 8a ). For insulating core-mantle boundary models featuring only internal heating, we find that more heat is delivered to the mantle per transit time at low Rayleigh number than with a vigorously convecting mantle (Figure 11 ). Due to the change in the advective and internal heating timescales, the thermal blanket effect is amplified.
One limitation in our study is that the oceanic slabs do not remain more viscous than the ambient mantle once subducted. However, our models do capture the thermal influence of the onset of subduction at the continental margins, the separation of the subcontinental mantle and suboceanic regions by a subduction curtain [Lenardic et al., 2011] , and the impact of the downwellings once they reach the relatively low viscosity thermal boundary layer at the base of the mantle. Consequently, we do not expect the thermal evolution of our models to be strongly influenced by the neglect of lateral viscosity variation. The HERON AND LOWMAN ©2014. American Geophysical Union. All Rights Reserved. most likely effect of including a completely temperature-dependent rheology would be on the timing of the events in the evolution of the model. For example, the slab sinking time and plume rise time will be affected when slab and plume viscosities differ from the surrounding mantle. Accordingly, the addition of a temperature-dependent rheology would be necessary to refine estimates of the timing of the events occurring in the subcontinental flow reversal sequence.
As discussed in section 2.2, the use of temperature-dependent parameters in Cartesian geometry models requires an adjustment of heating parameters in order to obtain spherical shell-like geotherms [e.g., O'Farrell and Lowman, 2010; O'Farrell et al., 2013] . The agreement of the low Rayleigh number geotherms found in our study with those found in low-Rayleigh number spherical models shows that the heating modes we choose emulate the temperatures found in a spherical shell geometry (Figure 3 ).
Although we have not modeled the evolution of plate boundaries, previous studies [e.g., Stein and Lowman, 2010] have shown that mantle temperatures rise with evolving plate boundaries as surface heat flow becomes less efficient when the deep mantle and the plate boundary positions become uncorrelated . If evolving plate boundaries were implemented here, warmer suboceanic mantle would likely result. Therefore, a reduced contrast in suboceanic and subcontinental temperature in high-Rayleigh number models would be promoted. Thus, we do not expect evolving oceanic plate boundaries to affect our conclusions regarding the minor importance of continental insulation during periods featuring assembled supercontinents. Nevertheless, realistic evolving plate boundaries would be a desirable feature in future studies.
Conclusion
The influence of continental insulation on mantle temperatures and dynamics was examined using numerical models featuring a dynamically determined plate thickness and geotherm-dependent viscosity. Through incorporating a region of reduced thermal diffusivity within a stationary continental plate (as compared to oceanic material), continental insulation is prescribed and a thermal blanket effect is attained. In a series of models simulating supercontinent formation, the influence of continental insulation is seen to decrease as the vigor of convection is increased. Furthermore, in models approaching Earth-like Rayleigh number, it is difficult to obtain subcontinental temperatures in excess of suboceanic temperatures on timescales relevant to supercontinent episodes [e.g., Lowman, 2010, 2011; Yoshida, 2013] , despite the thermal blanket effect and the formation of plumes beneath the continent. A recent study indicates that a reversal of mantle motion through the generation of plumes would be sufficient to disperse a supercontinent, despite suboceanic and subcontinental temperatures being comparable [Yoshida, 2013] . The work presented here is consistent with those findings. We find that the formation of subsupercontinental plumes occur on timescales relevant to Pangea's assembly, with the generation of subduction zones on the edges of the supercontinent shown to be the genesis of the subcontinental mantle upwellings, rather than increased temperatures due to continental insulation.
